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Chemokine CXCL12 Uses CXCR4 and a Signaling Core Formed
by Bifunctional Akt, Extracellular Signal-regulated Kinase
(ERK)1/2, and Mammalian Target of Rapamycin Complex 1
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Background: The mechanisms used by chemokine CXCL12 to regulate the functions of mature dendritic cells are

unknown.

Results: CXCL12 controls chemotaxis and survival in these cells using CXCR4 and bifunctional signaling molecules.
Conclusion: CXCR4 uses a redundant signaling pathway to control chemotaxis and survival in mature dendritic cells.
Significance: CXCR4 may use a specific signaling signature to regulate the functions of dendritic cells.

Chemokines control several cell functions in addition to che-
motaxis. Although much information is available on the
involvement of specific signaling molecules in the control of sin-
gle functions controlled by chemokines, especially chemotaxis,
the mechanisms used by these ligands to regulate several cell
functions simultaneously are completely unknown. Mature
dendritic cells (maDCs) migrate through the afferent lymphatic
vessels to the lymph nodes, where they regulate the initiation of
the immune response. As maDCs are exposed to chemokine
CXCL12 (receptors CXCR4 and CXCR7) during their migra-
tion, its functions are amenable to be regulated by this ligand.
We have used maDCs as a model system to analyze the mecha-
nisms whereby CXCL12 simultaneously controls chemotaxis
and survival in maDCs. We show that CXCL12 uses CXCR4, but
not CXCR7, and the components of a signaling core that
includes G;/Gpvy, PI3K-a/-8/-vy, Akt, ERK1/2 and mammalian
target of rapamycin complex 1 (mTORC1), which organize hier-
archically to control both functions. Downstream of Akt, Fork-
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head box class O (FOXO) regulates CXCL12-dependent sur-
vival, but not chemotaxis, suggesting that downstream of the
aforementioned signaling core, additional signaling molecules
may control more selectively CXCL12-dependent chemotaxis
or survival. Finally, the data obtained also show that CXCR4
uses a signaling signature that is different from that used by
CCR?7 to control similar functions.

Most studies on chemokines have focused in their chemoat-
tractant properties; however, chemokines may also regulate
survival, migratory speed, fugetaxis, endocytosis, cytoarchitec-
ture, and differentiation in leukocytes, suggesting that these
ligands may contribute to modulate the response of dendritic
cells (DCs)® in the immune system (1). An important unsolved
issue is the mechanisms that allow chemokines regulate several
functions in leukocytes simultaneously. Understanding these
processes may lead to a more selective modulation of the func-
tions under the control of the chemokines and, consequently,
the response of DCs in the immune system.

To regulate the initiation of the immune response, mature
dendritic cells (maDCs) have to migrate through the afferent
lymphatics, to the lymph nodes (LNs). It is known that the
migration of maDCs to the LNs is controlled by chemokines
CCL19 and CCL21, both ligands of the chemokine receptor
CCR7 (2). Recently, it has been suggested that chemokine
CXCL12 (receptors CXCR4 and CXCR7), which is a strong
chemoattractant for maDCs in vitro (3, 4), also regulates in vivo

® The abbreviations used are: DC, dendritic cell; CMFDA, 5-chloromethylfluo-
rescein diacetate; 4E-BP1, eukaryotic translation initiation factor 4E-bind-
ing protein 1; FOXO, Forkhead box class O; LN, lymph node; maDC, mature
DC; mTORC1 and mTORC2, mammalian target of rapamycin complex 1
and 2; PLN, popliteal LN; PTX, pertussis toxin; S6K, S6 kinase; TSC2, tuber-
ous sclerosis protein 2; SR, sulforhodamine B; Z-VAD-FMK, Z-Val-Ala-
Asp(OMe)-fluoromethyl ketone.
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the migration of these cells from the skin to regional LNs (5, 6).
In this regard, CXCL12 is expressed in tissues through which
DCs traffic, including dermal fibroblasts, lymphatic vessels of
the skin, and medullar cells in the LNs (6 -9). CXCL12 expres-
sion may be even further up-regulated in these regions upon
exposure to inflammatory stimuli (7, 10). Apart from che-
motaxis, it has also been suggested that CXCL12 regulates DC
survival (11, 12). However, the relative contribution of che-
motaxis and survival to the migration of maDCs to the LNs has
not been analyzed.

As CXCL12 recognizes receptors CXCR4 and CXCR7 (13—
15), its functional effects in DCs could be mediated by either
one of the two or by both receptors. CXCR4 is a well established
signaling receptor expressed in maDCs (14), which regulates
chemotaxis, fugetaxis, survival, or apoptosis in different cell
types (16 —19). CXCR7 expression pattern, signaling, and func-
tional capabilities are more controversial (20). Although it was
indicated earlier that CXCR7 is expressed in DCs (15), recently
it has been reported that it is not expressed in leukocytes (21).
The ability of CXCR?7 to regulate chemotaxis seems to be cell-
dependent because this receptor controls this function only in
specific cell types (22, 23).

Studies carried out during the last years have provided a great
deal of information on the signaling molecules used by chemo-
kines to regulate its functions. Chemokine receptors use the G;
subfamily of G proteins and G-y dimers of these proteins to
regulate chemotaxis and other functions (24, 25). Chemokine
receptors can also induce activation of the phosphatidylinositol
3-kinase (PI3K) pathway (26 —29). These enzymes are classified
in class PI3K-IA, which includes PI3K-q, -8 and -8, and class
PI3K-IB, which includes PI3K-vy. Although there is sparse
information available on the role of specific PI3K isoforms in
the regulation chemokine-dependent functions, it is generally
accepted that PI3K-y mediates signaling from G protein-cou-
pled receptors, including chemokine receptors (30), whereas
PI3K-a,-B, and -6 mediate signaling from tyrosine kinase
receptors (31, 32). Class I PI3Ks catalyze the phosphorylation of
phosphatidylinositol 4,5-bisphosphate to generate the lipid
second messenger phosphatidylinositol 3,4,5-trisphosphate.
This lipid, which is recognized by the pleckstrin homology
domain of the serine-threonine kinase Akt, positions this
kinase on the membrane so it can be subsequently activated by
PDK1 (3-phosphoinositide-dependent protein kinase 1) and
mTORC?2 (33). Akt is a kinase that regulates survival in some
settings and chemotaxis in others (34—36). The effects of Akt
can be mediated by several effectors, including the transcrip-
tion factor FOXO family (FOXO1, FOXO3a, and FOXO4
members) and the mammalian target of rapamycin complex 1
(mTORC1) (33). In maDCs, under chronic stress conditions,
FOXOL1 translocates to the nucleus, where it regulates the tran-
scription of proapoptotic molecules, including the Bcl-2 family
member Bim (28, 29). Upon phosphorylation/inactivation by
Aktl, FOXOL1 shuttles to the cytoplasm, where it is prevented
from up-regulating the expression of Bim. Apart from regulat-
ing FOXO, Akt also controls the activation of mTORC1 by
modulating the activity of the tuberous sclerosis protein 2
(TSC2) (33). This molecule contains a GTPase-activating pro-
tein domain that stimulates the activity of the small GTPase
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RheB, which is a direct activator of mTORC1. The phosphoryl-
ation/inhibition of TSC2 by Akt results in RheB-GTP loading
and mTORCT1 activation. The latter kinase, in turn, phospho-
rylates the ribosomal protein S6 kinase (s6K) and the transla-
tional regulator eukaryotic translation initiation factor 4E
(eIF4E)-binding protein 1 (4E-BP1) (33). Finally, chemokine
receptors may also induce activation of the extracellular signal-
regulated kinases 1 and 2 (ERK1/2) (34), which regulate che-
motaxis, random motility, or survival in different cell types (37).

Although the aforementioned studies have provided a large
amount of information on the signaling molecules activated by
chemokine receptors, there is almost no information available
on the mechanisms whereby a single chemokine receptor can
simultaneously control more than one of its functions. This
information is important to modulate the function of these
receptors and the immune response. Our main goal in this work
was to identify the mechanisms used CXCL12 to regulate che-
motaxis and survival simultaneously in maDCs. We show that
CXCL12 uses CXCR4 but not CXCR7, and a core of bifunc-
tional signaling molecules to control chemotaxis and survival
simultaneously in maDCs. Finally, confirming the specificity of
the signaling pathways identified, the results also show that
CXCR4 uses a signaling mechanism that is different from that
used by CCR?7 to control similar functions.

EXPERIMENTAL PROCEDURES

Reagents—GM-CSF, 1L4, and TNF-« were purchased from
Immunotools (Friesoythe, Germany). CMFDA and carboxy-
fluorescein diacetate were from Molecular Probes. CXCL12,
CCL19, and CCL21 were obtained from Peprotech (Rocky Hill,
NJ). BSA, poly-L-lysine, LY294002, pertussis toxin (PTX),
Hoechst 33342, and the anti- 3-actin antibody were from Sigma.
Propidium iodide, UO126, PD0325901, the PI3K-« inhibitor
PIK-75 (Calbiochem-Merck inhibitor VIII), the PI3K-B8 TGX-
221 (Calbiochem-Merck inhibitor VI), and the PI3K-vy inhibi-
tor AS-605240 were from Calbiochem-Merck. The PI3K-8
inhibitor IC87114 was obtained from Calistoga Pharmaceuti-
cals (Seattle, WA). Rapamycin was obtained from Tocris Bio-
science (Ellisville, MO). The polycaspase inhibitor Z-Val-Ala-
Asp(OMe)-fluoromethyl ketone (Z-VAD-FMK) was from
Biomol (Plymouth Meeting, PA). Annexin V-FITC was from
BD Pharmingen. The anti-ERK2 (C14) and the anti-BArk
(H222) antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). The anti-phospho-ERK1/2 (Thr-201/Tyr-204), the
anti-phospho-4E-BP1 (Thr-37/Thr-46), the anti-phospho-
Aktl (Ser-473), the anti-phospho-S6K (Thr-389), the anti-
phosphotuberin/TSC2 (Thr-1462) (5B12), the anti-phospho-
mTOR (Ser-2448), the anti-phospho-mTOR (Ser-2481), and
the anti-PI3K pl1108 were from Cell Signaling Technology
(Beverly, MA). The anti-human CXCR4 mAb and the phyco-
erythrin-conjugated anti-human CCR7 were from R&D Sys-
tems. The phycoerythrin-conjugated anti-human CD86, anti-
human CD83, and isotype control mAbs were from BD
Pharmingen. The anti-CXCR7 mAb clone 9C4 was a gift from
Marcus Thelen. The CXCR?7 inhibitor CCX733 and the anti-
CXCR7 mAD clone 11G8 were gifts from Dr. Thomas Schall.
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Mice—C57BL/6 mice (8 weeks old) were maintained in the
animal facility at the Centro de Investigaciones Bioldgicas and
treated according to Animal Care Committee guidelines.

Cells and Culture Conditions—Monocyte obtained from
human peripheral blood mononuclear cells were isolated from
buffy coats from healthy donors over a Lymphoprep
(Nycomed) and induced to differentiate to immature DCs by
adding GM-CSF and IL4 (both at 1000 units/ml) for 7 days as
indicated before (27, 28, 38). To these immature DCs it was
added for a further 72-h period GM-CSF, IL4, and 50 ng/ml
TNF-a to obtain maDCs (26, 28, 29, 38).

Measurement of Chemotaxis Using Transwell Assays—Che-
motaxis in response to chemokines was determined by meas-
uring the number of migrated cells through a polycarbonate
filter with 5-um pore size in 24-well Transwell chambers
(COSTAR). The upper chamber included 1 X 10> DCs diluted
in 100 ul of RPMI 1640 medium and 0.1% BSA, and the lower
chamber contained 600 ul of the same medium with or without
CXCL12 (at 100 ng/ml) or, in some experiments, CCL21 (at 200
ng/ml). DCs that migrate to the bottom chamber after 2 h at
37 °C were counted by flow cytometry using the CellQuest soft-
ware (Becton Dickinson). When pharmacological inhibitors
were used, these agents were also added to the lower chambers
of the Transwell.

Analysis of Migratory Speed, Endocytosis, and Static Adhe-
sion Assays—Migratory speed (29), endocytosis (39), and static
adhesion (40) analysis was performed as indicated before.

Assays of Apoptotic Damage—An equal number of viable
DCs (determined by exclusion on trypan blue staining) were
incubated in RPMI 1640 medium for 40 h in the presence or
absence of CXCL12 (100 ng/ml) and the inhibitors indicated,
and then harvested. Apoptotic nuclear morphology was
assessed using Hoechst 33342 staining as indicated before (26).
Apoptotic (annexin™/propidium iodide ) DCs were stained
with FITC-conjugated annexin V and propidium iodide as indi-
cated before (26).

Flow Cytometry—Cytometry analysis was performed as
described before (38). Briefly, human monocyte-derived DCs
were preincubated with human poly-1gGs (50 pg/ml) and then
stained with the anti-CXCR4 mAb (clone 44717, at 2 ug/ml),
the anti-CXCR7 mAbs (clones 11G8 and 9C4, both at 10
pg/ml), or the mouse IgG1 isotype control mAbs on ice, for 30
min, and then rinsed with cold buffer (PBS containing 2% BSA).
Cells were then incubated on ice for 30 min with Alexa Fluor
488 goat anti-mouse IgG (Molecular Probes), rinsed with cold
buffer, and analyzed on a FACScan cytometer using CellQuest
software.

RT-PCR—Total RNA, isolated with RNeasy columns (Qia-
gen), was obtained from maDCs obtained from independent
donors and from CXCR7" HeLa cells, which were used as pos-
itive controls. cDNA was synthesized using the High Fidelity
c¢DNA synthesis kit (Roche Applied Science). The cDNA was
PCR-amplified with Taq polymerase (Euroclone) using the
following oligonucleotide CXCR7 primers (15): 5’ TGGTCAG-
TCTCGTGCAGCAC-3’ and 5'-GCCAGCAGACAAGGAA-
GACC-3'. Control glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) mRNA was amplified using oligonucleotides 5'-
GGCTGAGAACGGGAAGCTTGTCA-3' and 5'-CGGCCA-

37224 JOURNAL OF BIOLOGICAL CHEMISTRY

TCACGCCACAGTTTC-3". The PCR cycle consisted of initial
denaturation at 95 °C for 5 min followed by 35 cycles consisting
of denaturation at 95 °C for 30 s, annealing at 58 °C for 45 s, and
extension at 72 °C for additional 45 s. A final extension step at
72 °C for 10 min was included. PCR products were resolved by
gel electrophoresis.

Analysis of the Presence of GFP in the Nucleus of the GFP-
transfected DCs—Green fluorescent protein (GFP)-vector or
FOXO1-GFP-transfected DCs (50 X 10> cells), suspended in
complete medium, were plated onto poly-L-lysine-coated cov-
erslips. The cells were then fixed in 4% paraformadehyde in PBS
(10 min at room temperature) and subsequently permeabilized
with 0.2% Triton X-100 (10 min at room temperature). DCs
were then stained with Hoechst 33342 (2 uM) to assess the
position of the nucleus. Coverslips were washed with PBS and
distilled water and then mounted in fluorescent mounting
medium (DAKO). Cells were analyzed using a Nikon Eclipse
E800 microscope. GFP-expressing cells were analyzed using the
FITC channel and Hoechst 33342 using UV light.

Cell Lysis and Western Blot Analysis—DCs (100 X 10> cells)
were stimulated or not with CXCL12 (100 ng/ml) for the indi-
cated periods of time. Lysis of cells and Western blotting were
performed as indicated before (26, 28, 29, 38).

Expression Vectors, siRNAs, and Nucleofections—The
pEGFP-C1 (GFP) expression vector was from Clontech. The
GFP-FOXO1 and BArk-CT vectors have been described previ-
ously (26, 28,41, 42). Random control and FOXO1 and FOXO3
siRNAs were obtained from Santa Cruz Biotechnology. The
plasmidic DNAs and the siRNAs were transfected with the
Amaxa nucleoporator system (Amaxa, Koeln, Germany) fol-
lowing the manufacturer’s instructions.

Purification of Murine DCs and Labeling of the Cells with
Fluorescent Cell Trackers—Murine DCs were purified (97%
CD11c) from spleens of donor mice using magnetic beads
(Miltenyi Biotec) following the manufacturer’s protocol.
Murine DCs used in the in vivo studies were labeled for 30 min
at 37 °C with 5 um fluorescent cell tracker probe CMFDA in
0.1% BSA in PBS and then matured with LPS (1 ug/ml).

Analysis of the Migration of CMFDA-DC to the LNs of
C57BL/6 Mice—CMFDA-labeled splenic DCs (2 X 10°) were
dissolved in 25 ul of RPMI 1640 medium, including 1 ug/ml
LPS, and then mixed either with PBS (in the control animals) or
with a dose of 4 mg/kg AMD3100. Subsequently, the DCs were
injected subcutaneously into the hind footpad of recipient
C57BL/6 mice. After 18 h, when the DCs had already reached
the LNs (43), animals were killed, and the popliteal LNs (PLNs)
were extracted. The LNs were dissolved in 5 mm EDTA and
then passed through the mesh of a cell strainer. Finally, the cells
were centrifuged and pellets dissolved in 10% FCS/RPMI 1640
medium. Flow cytometry was used to assess the percentage of
CMEDA-DCs relative to the total number of cells in the LNs.

Two-photon Microscopy Analysis of Apoptotic DCs in
LNs—CMFDA-labeled splenic DCs (2 X 10°) were dissolved in
25 ul of RPMI 1640 medium including 1 pg/ml LPS and then
injected subcutaneously into the hind footpad of recipient
C57BL/6 mice. After 18 h treated or control animals were
injected intraperitoneally with the CXCR4 inhibitor AMD3100
(4 mg/kg in PBS) or with PBS, respectively. After an additional
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22 h, animals were injected intravenously with sulforhodamine
B (SR)-FLIVO (A, 565 nm; A,,,, >600 nm), a reagent that binds
irreversibly to caspases up-regulated in apoptotic cells, allowing
aselective detection of the latter cells in the LNs by two-photon
microscopy. Finally, the mice were killed, and the PLNs were
extracted and subsequently subjected to two-photon confocal
analysis to visualize among the injected CMFDA-DCs those
that present SR-FLIVO staining. Two-photon microscopy
analysis was performed as indicated in detail before (28, 29). See
additional experimental details in supplemental Experimental
Procedures.

Statistics—Data are expressed as mean * S.E. (n), with n
indicating the number of independent experiments performed.
Unless otherwise indicated, all data were acquired for at least
three independent experiments. Significance of differences
between two series of results was assessed using the Student’s
unpaired ¢ test. Values of p < 0.05 were considered significant.

RESULTS

CXCLI2 Uses CXCR4, but Not CXCR7, to Control Che-
motaxis and Survival in Human maDCs—Before analyzing the
signaling triggered by CXCL12, we confirmed that this chemo-
kine regulates chemotaxis and survival in TNFa-matured
maDCs in vitro and in vivo. Chemotactic assays performed in
Transwells confirmed that CXCL12 induced a potent chemot-
actic response in human monocyte-derived maDCs (Fig. 14).
To determine whether CXCL12 protected the human maDCs
from apoptosis, cells were maintained in serum-free medium
with or without chemokine. Subsequently, DCs were stained
with Hoechst 33342 to assess the percentage of cells that pre-
sented condensed or fragmented nucleus, both hallmarks of
apoptotic cells. Compared with untreated DCs, stimulation
with CXCL12 led to a reduction of almost 55% in the percent-
age of apoptotic DCs (Fig. 1Ba). Similar protective effects of
CXCL12 were observed when apoptosis was assessed by deter-
mining the percentage of DCs that display annexin™/pro-
pidium iodide ™ staining, another established apoptotic marker
(Fig. 1Bb). Finally, CXCL12, under our conditions, did not
modulate migratory speed, fugetaxis, static adhesion, endocytic
ability, or maturation of the human maDCs (supplemental
Fig. 1).

Because it has been indicated before that maDCs express
both CXCR4 (13, 14) and CXCR?7 (15), we analyzed the mem-
brane expression of these receptors in the human maDCs used
in our study. Flow cytometry analysis confirmed a high expres-
sion of CXCR4 in the human DCs (Fig. 1C). However, using two
different anti-CXCR7 mAbs, we detected expression of CXCR7
in HeLa cells, which were used as positive controls (44) (Fig.
1C), but not in human maDCs, which displayed only a marginal
expression of CXCR7 (Fig. 1C). Because our results on CXCR7
conflicted with prior published results (15), we analyzed by RT-
PCR the expression of CXCR7 in maDCs (15). Consistent with
the cytometry data shown above, we found little or no expres-
sion of CXCR7 in the maDCs (Fig. 1D). While our work was in
progress, another group showed that human or mouse leuko-
cytes do not express CXCR7 (21). Finally, to rule out that the
expression of a small amount of receptor could play a functional
role in the maDCs, we used CCX733, a selective inhibitor of
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CXCR7 (44). The results showed that interference with this
receptor using CCX733 failed to affect the chemotactic (Fig. 1E)
or prosurvival effects (Fig. 1F) of CXCL12 in maDCs. In con-
trast, treatment of the maDCs with AMD3100, a highly selec-
tive inhibitor of CXCR4 (45), blocked the chemotactic (Fig. 1E)
and prosurvival effects of CXCL12 (Fig. 1F). The lack of inhibi-
tion of the chemotactic response to CCL21 showed the speci-
ficity of the inhibitors used (Fig. 1E). In summary, the data
obtained indicate that CXCL12 used CXCR4, but not CXCR7,
to regulate chemotaxis and survival in human maDCs.

CXCR4 Regulates in Vivo Chemotaxis and Survival—In
human and murine DCs the response to CXCL12 is virtually
similar when either TNFa or LPS is used to induce maturation
of murine or human DCs (3, 4). We used LPS-matured murine
splenic DCs to study whether CXCR4 was also important to
regulate the migration of murine DCs. Transwell experiments
where AMD3100 was used to interfere with CXCR4 showed
that this treatment abrogated completely the response to
CXCL12 (supplemental Fig. 2), indicating that, similar to the
human maDCs, this receptor was also controlling CXCL12-de-
pendent chemotaxis in murine maDCs. To study whether
CXCR4 was also able to regulate the migration of maDCs in
vivo, we analyzed whether AMD3100 could interfere with the
migration of DCs to the LNs. For this purpose, we injected
CMFDA-labeled LPS-matured splenic DCs together with
either AMD3100 or vehicle subcutaneously into the hind foot-
pad of C57/BL6 mice. 18 h after the injection of the DCs, the
mice were killed, the PLNs of control and AMD3100-injected
animals were collected, and the CMFDA-DCs in the LNs were
analyzed by flow cytometry to assess the percentage of DCs that
reached this organ. As shown in Fig. 24, AMD3100 treatment
reduced by almost 70 = 8% (n = 3) the number of CMFDA-DCs
that reached the PLNS.

To study whether CXCL12 also protected the murine
maDCs from apoptosis in vivo, we used an experimental
approach described before (28, 29). We induced maturation of
CMFDA-labeled splenic DCs with LPS, and then these cells
were injected subcutaneously in the hind footpad of C57BL/6
mice (see “Experimental Procedures”). After 18 h, when the
DCs were largely positioned in the LN’ (28), mice were injected
intraperitoneally either with 4 mg/kg AMD3100 or with vehi-
cle. After an additional 22 h, the animals were injected intrave-
nously with SR-FLIVO, an agent that specifically binds to
caspases and that, consequently, selectively stains apoptotic
cells (28, 29) (for more experimental details, see supplemental
Experimental Procedures). After additional 2 h, mice were
killed, and the PLNs were extracted and analyzed by two-pho-
ton microscopy. Inhibiting the signaling in vivo from CXCR4
with AMD3100 in the CMFDA-DCs resulted in an increase in
the percentage of DCs that displayed SR-FLIVO staining
(34.7 = 15% increase (n = 3)), compared with the vehicle-
treated animals, suggesting that CXCR4 relays prosurvival sig-
nals to the DCs also in the LNs.

Stimulation of Human maDCs with CXCL12 Induces Activa-
tion of mTORCI That Is Mediated by G, GBv, PI3K-o, -8, -7,
and Akt—In the next experiments we used human maDCs to
analyze the signaling molecules downstream of CXCR4,
involved in the control of CXCL12-induced chemotaxis and
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survival in maDCs. Because Akt is implicated in the regulation
of these functions in other cell types (1, 26), we analyzed
whether stimulation of maDCs with CXCL12 induced activa-
tion of this kinase. Stimulation with CXCL12 induced maxi-

mum activation of Akt after 1-3 min, which decayed to near
basal levels after 1 h (Fig. 34; see also Fig. 7). Because chemo-
kine receptors use G; family members and GBy components of
the heterotrimeric G proteins to relay intracellular signals (24,
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25), we analyzed whether CXCL12-dependent activation of Akt
was regulated by G; and GBYy. Interference with G;, using PTX
(26, 27, 29) (Fig. 3Ba) or with the Gg,, subunits of G proteins,
using BArk-CT, a C-terminal fragment of the kinase BArk that
sequesters and inhibit By subunits (41) (Fig. 3Bb), blocked
CXCL12-dependent phosphorylation of Akt (see also Fig. 7).
We used highly selective PI3K family inhibitors to study the role
played by specific isoenzymes in mediating the effects of
CXCL12 on Akt. The inhibition of PI3K-e, using PIK-75 (46,
47), of PI3K-v, using AS-605240, (48) and, at lower extent of
PI3K-§, using IC87114 (49), resulted in the inhibition of the
phosphorylation of Akt (Fig. 3C). In contrast, inhibition of
PI3K-B, using TGX-221, (50) failed to affect CXCL12-depen-
dent Akt phosphorylation (Fig. 3C and see Fig. 7).

Because Akt regulates mTORC1 (33), we analyzed whether
stimulation with CXCL12 also induced activation of the latter
kinase complex. Upon phosphorylation by Akt, TSC2 is inhib-
ited, which results in the activation of mTORCI1 (see Introduc-
tion). Consistent with this model, time course experiments
showed that stimulation of DCs with CXCL12 caused a rapid
phosphorylation/inhibition of TSC2 (Fig. 3D and see Fig. 7). In
line with these results, stimulation with CXCL12 led to an
increase in the activity of mTORC1, which was assessed by
analyzing the phosphorylation of 4E-BP1 (Thr(P)-37/46—
4EBP1) and was further confirmed determining the phospho-
rylation of S6K (Thr(P)-389-S6K) and mTOR in Ser-2448, a
residue that is phosphorylated by active S6K as part of a feed-
back loop (51) (Fig. 3D and see Fig. 7).

Next, we analyzed the involvement of the axis G;/G 7y /PI3K-
a/-B/-y/-6 and Akt in the activation of mTORC1 using the
phosphorylation of 4E-BP1 as a readout of the activity of this
kinase complex (see also Fig. 7). Inhibition of G, using PTX
(Fig. 3Ea), of GBy, by overexpressing a-transducin (ot,ansd)
(Fig. 3ED), of PI3K-q, -8, and -+, using isoform-selective inhib-
itors of the respective enzymes (Fig. 3F), and of Akt, using a
highly specific inhibitor (52) (Fig. 3G), all blunted the phospho-
rylation of TSC2 and 4E-BP1. Inhibition of PI3K-S failed to
affect the phosphorylation of the latter molecules (Fig. 3F). The
results indicate that G,/GBy /PI3K-a/-y/-8 and Akt mediate
CXCL12-dependent activation of mMTORCI1 (see Fig. 7).

The Signaling Components of the Axis G, Gy, PI3K-a/-y/-8,
Akt, and mTORCI Regulate Both CXCLI2-mediated Che-
motaxis and Survival in Human maDCs—In the next experi-
ments we analyzed whether the molecular components of the

CXCL12-regulated Functions in Dendritic Cells

signaling axis identified above (i.e. G;/GBy/PI3K-a/-y/-6/Akt,
and mTORCI1) could control CXCL12-regulated chemotaxis
and/or survival in maDCs (see Fig. 7). Inhibition of G, proteins,
with PTX, and of GBY, by overexpressing «,,,, .4, blocked the
chemotactic response (Fig. 444 and see Fig. 7) and the prosur-
vival effects (Fig. 4Ab and see Fig. 7) of CXCL12. Analysis of the
role of different PI3K isoforms in the regulation of CXCL12-
mediated chemotaxis (Fig. 4Ba) showed that the largest effects
were observed upon inhibition of PI3K-«, with lower, but still
strong effects, upon inhibition of PI3K-y and PI3K-§ (Fig. 4Ba).
Inhibition of PI3K-q, -7, and -6 isoforms blocked CXCL12-de-
pendent DC survival to a similar extent (Fig. 4Bb). Inhibition of
PI3K-B had no effect on the chemotactic response (Fig. 4Ba) or
on the prosurvival effects of CXCL12 (Fig. 4Bb). Inhibition of
Akt also reduced both chemotaxis and survival induced by
CXCL12 (Fig. 4B, a and b). Interestingly, the effects of blocking
PI3K-v, -6, and Akt were more potent on CXCL12-dependent
survival than on chemotaxis (Fig. 4B).

Finally, to study the involvement of mTORCI in the regula-
tion of CXCL12-dependent chemotaxis and survival, we
treated the maDCs with the highly selective mTORCI1 inhibitor
rapamycin (52, 53). Importantly, before carrying this analysis,
we ensured that the rapamycin concentration used in the
experiments (100 nm) inhibited only mTORC1, but not
mTORC2. The activity of mTORC2 was assessed by studying
the phosphorylation of Akt (Ser-473) and mTOR (Ser(P)-2481)
(33, 54) (data not shown). Inhibition of mMTORC1 moderately
reduced the chemotaxis (Fig. 4Ca) and, more potently, the pro-
survival effects (Fig. 4Cb) of CXCL12. The results indicate that
G,/GBy/PI3K-a/-y/-6, Akt, and mTORC1 control both
CXCL12-mediated chemotaxis and survival of maDCs (see also
Fig. 7).

CXCL12 Induces Activation of ERK1/2 in Human maDCs,
Which Controls Chemotaxis and Survival in These Cells—Be-
cause ERK1/2 regulate chemotaxis or survival in different cell
types (27, 37, 55), we studied their involvement in the effects
elicited by CXCL12. Stimulation of the maDCs with CXCL12
induces activation of ERK1/2 after 1 min, reached the highest
level of activity between 3 and 6 min, and decayed to basal levels
after 1 h (Fig. 54; see also Fig. 7). To study the involvement of
ERK1/2 in the regulation of CXCL12-dependent survival and
chemotaxis, we treated the DCs either with UO126 or with
PD0325901, two highly selective compounds that suppress the
activation of ERK1/2 by inhibiting MEK (MAPK/ERK kinase)

FIGURE 1. CXCL12 regulates chemotaxis and survival in human maDCs. A, DCs were allowed to migrate toward CXCL12 in Transwell assays as described
under “Experimental Procedures.” Results shown represent the mean = S.E. (error bars; n = 60). **, p < 0.001. B, DCs were suspended in 0.1% BSA/RPMI 1640
medium and then incubated either with or without CXCL12 for 40 h. a upper, DCs were fixed and stained with Hoechst 33342, and photographs were taken
from representative samples. Arrowheads indicate apoptotic DCs. Lower, percentage of apoptotic DCs in RPMI plus CXCL12 is shown with respect to the
percentage of apoptotic DCs in RPMI, which was given an arbitrary value of 100. Results represent the mean = S.E. (n = 12).**,p < 0.0001. At least 200 DCs were
analyzed in each experiment. b, DCs were analyzed for annexin V and propidium iodide staining by flow cytometry, and apoptotic DCs (annexin */propidium
iodide ") were quantified. Results shown represent the mean = S.E. (n = 3).**, p < 0.01. G, flow plots show staining by anti-CXCR4 and anti-CXCR7 mAbs (clear
gray histograms) versus isotype-matched control mAbs (dark gray histograms). CXCR7* HeLa cells were used as positive controls (44). Results are representative
of three different experiments performed. D, RNA preparations from human monocyte-derived immature DCs (imDCs) or maDCs were analyzed by RT-PCRand
agarose gel electrophoresis. Two donors are shown. CXCR7 mRNA was either not detected or detected at low levels in each sample. Positive controls included
CXCR7™" Hela cells. GAPDH control reactions demonstrated that the substrate RNAs were intact. RNA processed in the absence of reverse transcriptase was
used as negative control (Neg Cont). E, DCs suspended in RPMI 1640 medium untreated (—) or treated with AMD3100 (10 um) or with CCX733 (10 um) were
allowed to migrate toward CXCL12 (100 ng/ml) or CCL21 (100 ng/ml) in chemotactic Transwell assays. Results represent the mean * S.E. (n = 4).*,p < 0.01.ns
denotes no significant differences. F, DCs suspended in RPMI untreated (—), treated with AMD3100 (10 um) or with CCX733 (10 um) were incubated for 40 h
either in medium without chemokine (Control) or in medium plus CXCL12 (100 ng). Subsequently, the DCs were stained with Hoechst 33342. The number
represents the percentage of apoptotic DCs under each condition. At least 200 DCs were analyzed in each experiment. Results represent the mean * S.E. (n =
3).%,p < 0.01;**, p < 0.001.
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FIGURE 2. CXCR4 regulates CXCL12-dependent chemotaxis and survival
in murine maDCs in vivo. A, 2 X 10° CMFDA-labeled splenic mature DCs
(CMFDA-DCs) injected in the footpads of recipient mice together with
AMD3100 or with vehicle. 18 h after the injections, the PLNs of control and
AMD3100-treated animals were collected, passed through a mesh, and sus-
pended in PBS, and the number of CMFDA-DCs was analyzed by flow cytom-
etry. a, FL1-FS dot plots showing representative suspension of PLN cells.
CMFDA-DCs were analyzed inside the selected gate. b, numbers representing
the percentage of CMFDA-labeled DCs with respect to the total number of
cells in the LN, obtained from the analysis of the LNs of four mice. Results
represent the mean = S.E. (error bars; n = 4).**, p < 0.001. Ba, experimental
protocol. 2 X 10° CMFDA-labeled LPS-matured splenic DCs (CMFDA-DCs)
were injected in the footpads of recipient mice. After an additional 18 h,
animals were injected intraperitoneally with 4 mg/kg body weight of
AMD3100 or vehicle control. After 22 h, the animals were injected intrave-
nously with SR-FLIVO to stain apoptotic DCs in the LNs. After an additional 2 h,
the PLNs were extracted, fixed, and subjected to two-photon analysis. b, SR-
FLIVO staining presented by CMFDA-DCs obtained from the LNs of animals
treated either with AMD3100 or with PBS. The LNs of the mice were extracted
and studied by two-photon microscopy. The stacks of optical images of the
LNs were examined with the Leica Confocal software, and values of the
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(52, 53). The blocking of ERK1/2 with both agents (Fig. 5Ba)
reduced the migration (Fig. 5Bb) and the prosurvival effects
(Fig. 5Bc) of CXCL12, indicating that ERK1/2 regulate both
CXCL12-mediated chemotaxis and survival in maDCs. The
effects of the inhibition of ERK1/2 were, as observed for the
other molecules indicated above, more potent on survival than
on chemotaxis (compare Fig. 5Bb to Fig. 5Bc; see also Fig. 7).

G, GBy, PI3K-o/-y/-8, but Not Akt and mTORCI, Regulate
CXCLI12-mediated Activation of ERK1/2 in Human maDCs—W'e
analyzed whether ERK1/2 were under the control of the com-
ponents of the pathway controlled by CXCL12 identified above
(i.e. G, GBY, PI3K-a/-y/-8, but not Akt and mTORC1) (see Fig.
7). Treatment of the DCs with PTX or inhibition of GBvy by
overexpressing a-transducin caused a complete inhibition of
ERK1/2 (Fig. 5C, a and b). The inhibition of specific PI3K family
isoforms showed that PI3K-q, -+, and -§, but not PI3K-f3, con-
trolled CXCL12-mediated phosphorylation of ERK1/2 (Fig.
5D). Because PI3K-q, -7, and -8 isoforms are upstream of Akt
(see above Fig. 3C), we analyzed whether the latter kinase could
mediate CXCL12-dependent phosphorylation of ERK1/2 (see
also Fig. 7). However, as shown in Fig. 5E, despite the strong
inhibition of Akt, stimulation with CXCL12 was still able to
stimulate ERK1/2, indicating that PI3K isoforms regulate the
phosphorylation of ERK1/2 independently of Akt (see also Fig.
7). Finally, we studied whether ERK1/2 was downstream of
mTORCI. Inhibition of mTORC]1, by treating the DCs with
rapamycin, one of the most selective inhibitors of this complex
(52, 53), had no effect on the CXCL12-stimulated phosphoryl-
ation of ERK1/2 (Fig. 5F). In contrast, inhibition of ERK1/2
partially blocked CXCL12-dependent activation of mTORC]1,
as assessed by analyzing the phosphorylation of 4E-BP1, S6K,
and mTOR (at Ser-2448) (Fig. 5G). Inhibition of ERK1/2 did not
affect the phosphorylation of Akt either (Fig. 5G), indicating
that the effects of ERK1/2 on mTORC1 were not exerted at the
level of Akt. Inhibition of ERK1/2 did not affect the phospho-
rylation of TSC2 at the Akt phosphorylation site (Fig. 5G), indi-
cating that ERK1/2 does not indirectly or directly regulate the
phosphorylation of this site. In sum, the experiments indicate,
first, that G;, GBvy, and PI3K-¢, -v, -§, but not PI3K-f3, Akt, and
mTORCI, regulate CXCL12-dependent phosphorylation of
ERK1/2 and, second, that ERK1/2 modulate the CXCL12-me-
diated activation of mTORC]1 (see Fig. 7).

G, GBy, PI3K-a/-vy/-6, and Akt, but Not mTORCI and
ERK1/2, Regulate CXCLI12-mediated Inhibition of FOXO in
Human maDCs—We have shown before (28, 29, 56) that
FOXO transcription factors exert proapoptotic roles in maDCs.
Because CXCL12 induces activation of Akt, which may poten-
tially phosphorylate/inhibit FOXO1/3, we analyzed whether
CXCL12 could induce phosphorylation of FOXO in residues
regulated by Akt (Thr-24-and Ser-256 in FOXO1 and Ser-253 in
FOXO3). Stimulation of the maDCs with CXCL12 induced a
rapid phosphorylation and inhibition of FOXO1 (Fig. 6A4) and
FOXO3 (data not shown). Phosphorylation of Ser-256 is impor-

Maximum Amplitude of the SR-FLIVO and CMFDA channel were obtained
(see Ref. 28). Data are presented as maximum intensity of SR-FLIVO over max-
imum intensity of CMFDA for each individual DC in a LN (28). Three different
mice were analyzed. **, p < 0.001.
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FIGURE 3. Stimulation of human maDCs with CXCL12 induces G;/Gf3y/PI3K-a/-6/-y-mediated activation of Akt and mTORC1. A, DCs stimulated for
the indicated times with CXCL12. Subsequently, aliquots were taken to analyze the level of phosphorylated/active Akt (p-Akt) and B-actin by Western
blotting. A representative experiment of six performed is shown. Ba, DCs left untreated (Control) or pretreated with PTX (100 ng/ml) for 2 h. Subse-
quently, the DCs were stimulated or not with CXCL12. After 3 min of stimulation with the chemokine, aliquots were taken to analyze the level of
phosphorylated/active Akt1 (p-Akt) and a-tubulin (a-TUB) by Western blotting. A representative experiment of four performed is shown. b upper, DCs
transfected either with vector or with BArk-CT. After transfection, aliquots of vector and BArk-CT transfected DCs were stimulated for 3 min with CXCL12,
and then levels of phosphorylated/active Akt1, a-tubulin, and BArk-CT (41) were analyzed by Western blotting. Lower, a-tubulin shows equal loading of
the gels. A representative experiment of four performed is shown. C, DCs left untreated (Control) or pretreated with PI3Ka (250 nm), PI3KB (1 um), PI3Ky
(10 um), or PI3K3 (20 wm) inhibitors for 60 min. Subsequently, DCs were left unstimulated (—) or stimulated (+) with CXCL12. After 3 min of stimulation
with chemokines, aliquots were taken to analyze the level of phosphorylated/active Akt1 and a-tubulin. A representative experiment of six performed
is shown. D, DCs stimulated for the indicated times with CXCL12 as in A. Aliquots were taken to analyze the level of phosphorylated TSC2 (p-TSC2), mTOR
(p-mTOR), 4E-BP1 (p-4EBP1), and S6K (p-S6K) by Western blotting. a-Tubulin levels show equal loading. A representative experiment of four performed
is shown. Ea, DCs left untreated (Control) or pretreated with PTX (100 ng/ml) and then stimulated or not with CXCL12 as in B. Aliquots were taken to
analyze the level of phosphorylated 4E-BP1 (p-4EBP1) and a-tubulin. A representative experiment of three performed is shown. b, DCs transfected either
with vector or with a-transducin (a,.,sq)- After transfection, a similar number of live vector and «,,,.4-transfected DCs were stimulated for the indicated
times with CXCL12, and the levels of phosphorylated TSC2 (p-TSC2), phosphorylated 4E-BP1, transducin, and a-tubulin were analyzed by Western
blotting. A representative experiment of three performed is shown. F, experiments performed as described in C except that the following proteins were
analyzed by Western blotting: phosphorylated TSC2, phosphorylated 4E-BP1, and a-tubulin. A representative experiment of three performed is shown.
G, DCs were left untreated or pretreated with a specific Akt inhibitor (5 um). Experiments were performed as described in C, except that the levels of
phosphorylated/active TSC2, phosphorylated 4E-BP1, and phosphorylated/active Akt were analyzed. a-Tubulin levels show the loading of the gels. A
representative experiment of six performed is shown.

p-TSC2

p-4EBP1

a-TUB

tant because it suppresses transactivation of FOXO1, promotes
its exclusion from the nucleus, and is also necessary for the
phosphorylation of Thr-24 (42). Because phosphorylation of
FOXO by Akt induces its exclusion from the nucleus, we ana-
lyzed the percentage of DCs where FOXO remains in the
nucleus upon stimulation with CXCL12. The maDCs were
nucleofected with a construct that encodes FOXO1-GFP and
subsequently were shifted to serum-free medium (Fig. 6B).
After 1 h in this medium, FOXO1-GFP was observed in the
nucleus in most DCs. However, following stimulation with
CXCL12, almost 70% of the transfected DCs showed a clear
cytoplasmic FOXO1-GFP location, compared with the 30% of
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unstimulated DCs that presented cytoplasmic FOXO1 (Fig.
6B). In the DCs transfected with vector-GFP, despite the stim-
ulation with CXCL12, most GFP remained in the cytosol (Fig.
6B).

In the next experiments we tested whether the signaling
molecules that control chemotaxis and survival (i.e. Gi/GBy
/PI3K/Akt/mTORC1 and ERK1/2) were able to regulate
CXCL12-dependent phosphorylation of Ser-256 in FOXO1.
As expected, inhibition of G; with PTX (Fig. 6Ca), of GBv, by
overexpressing BArk-CT (Fig. 6Cb), and inhibition of PI3K-
a/-y/-8 (Fig. 6D) and Akt (Fig. 6E), all abrogated CXCL12-me-
diated phosphorylation of FOXO1 in maDCs (see Fig. 7). Inhi-
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FIGURE 4. CXCL12-dependent regulation of chemotaxis and survival in human maDCs is regulated by G;, Gy, PI3K-¢, -v, -6 isoforms, and Akt. Aa left,
DCs dissolved in RPMI 1640 medium were kept untreated (Control) or pretreated with PTX (100 ng/ml) for 2 h. Subsequently, DCs were allowed to migrate
toward CXCL12 for 2 h. The figure shows the migration of DCs treated with inhibitor relative to the migration of the DCs without inhibitor, which was given an
arbitrary number of 100 (control). Results shown represent the mean = S.E. (error bars; n = 4).**, p < 0.001. Right, aliquots including equal number of live vector
pcDNA3 (Control) and a-transducin (a,,nsq)-transfected maDCs were allowed to migrate toward CXCL12 in Transwell chambers. The figure shows the migra-
tion of a-transducin-transfected DCs relative to the migration of vector-transfected DCs that was given an arbitrary number of 100 (control). Results represent
the mean = S.E. (n = 4).**,p < 0.001. b left, DCs were suspended in RPMI 1640 medium and then kept untreated or pretreated with PTX as in A. DCs untreated
or pretreated with PTX were maintained in the presence of CXCL12 for an additional 40 h, and apoptotic cells were analyzed after Hoechst 33342 staining.
Results represent the percentage of live PTX-treated DCs with respect to the percentage of live untreated DCs, which was given an arbitrary value of 100.
Results represent the mean = S.E. (n = 3). At least 200 DCs were analyzed in each experiment. **, p < 0.01. Right, DCs were transfected with vector pcDNA3
(Control) or a-transducin as in Aa right. Aliquots with similar number of live vectors and a-transducin-transfected DCs were maintained in serum-free medium
including CXCL12for 24 h, and then apoptotic DCs were analyzed by Hoechst 33342 staining. The figure shows the percentage of live a-transducin-transfected
DCs with respect to the percentage of live vector-transfected DCs which was given an arbitrary value of 100. Results represent the mean = S.E. (n = 3).**,p <
0.01. Ba, DCs were suspended in 0.1% BSA/RPMI 1640 medium and then kept untreated or pretreated with PI3Ka (250 nm), PI3KB (1 um), PI3Ky (10 um), PI3K8
(20 um) or Akt (5 um) inhibitors for 1 h. Migration was analyzed in a Transwell setting as in Aa. Results represent the mean = S.E. (n = 6). **, p < 0.001. (b), DCs
were suspended in RPMI 1640 medium plus CXCL12 then kept untreated or treated with PI3Ka (250 nm), PI3KB (1 um), PI3Ky (10 um), PI3KS (20 um), or Akt (5
M) inhibitors for 40 h. Apoptotic DCs were determined as in Ab. Results represent the mean = S.E. (n = 6). **, p < 0.001. Ca, DCs were left untreated or
pretreated with the specific mTORC1 inhibitor rapamycin (Rapa, 100 nm) for 1 h. Both untreated DCs or those pretreated with rapamycin were allowed to
migrate in Transwells toward CXCL12 for additional 2 h. Migration was analyzed in a Transwell setting as in Aa. Results represent the mean = S.E. (n = 7). **, p <
0.001. b, DCs untreated or treated with rapamycin as in a were maintained in RPMI 1640 medium in the presence of CXCL12 for 20 h. Subsequently, the DCs
were stained with Hoechst 33341 to identify apoptotic DCs as in Ab. Results represent the mean = S.E. (n = 9). **, p < 0.001.

bition of PI3K-B (Fig. 6D), mTORC]1 (supplemental Fig. 34), or  in serum-free medium were stimulated with CXCL12, the
ERK1/2 (supplemental Fig. 3B) failed to block the phosphoryl-  kinase Akt was activated (Fig. 6E), leading to the phosphoryla-
ation of FOXOL1 at Ser-256, indicating that these molecules tion/inhibition of FOXO1 (Fig. 6E) and the dampening of Bim
were not regulating FOXOL at this residue (Fig. 7). expression (Fig. 6E). Because Bim expression reflects the activ-

FOXO1/3 control the transcription of the proapoptotic Bcl2 ity of FOXO1, we examined whether mTORCI1 and ERK1/2
member Bim (56), which can be used as a readout of the activity  control the activity of this transcription factor, by studying the
of FOXO in maDCs (28, 29). As shown in Fig. 6F, maDCsleftin  effects of the latter kinases on Bim levels. As observed, inhibi-
serum-free medium displayed an increase in the expression of tion of mTORCI1 (Fig. 6G) or ERK1/2 (Fig. 6H) failed to prevent
Bim, reflecting the enhanced activity of FOXO1 in the nucleus the down-regulation of Bim induced by stimulating serum-de-
(see Fig. 6B). However, when the maDCs that were maintained  prived DCs (that display increased Bim levels) with CXCL12,
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suggesting that these molecules do not regulate FOXO activity.
Together, the results indicate that upon stimulation of maDCs
with CXCL12, inhibition of FOXO1 is mediated by G;, GBv,
PI3K-a, -, -6, and Akt, but not by mTORC1 and ERK1/2 (see
Fig. 7).

FOXO Members Regulate CXCLI12-dependent Survival, but
Not Chemotaxis, in Human maDCs—As all signaling molecules
upstream of FOXO1 that were analyzed were regulating,
although at different extent, CXCL12-dependent chemotaxis
and survival, we tested whether this transcription factor was
also able to regulate both functions. When we compared the
chemotactic response to CXCL12 presented by maDCs with
normal levels of FOXO, and maDCs where FOXO1 (Fig. 61a) or
FOXO3 (data not shown) was knocked-down with siRNAs, we
did not find any differences between these cells (Fig. 6/b and
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data not shown). In contrast, the knocking down of FOXO1
(Fig. 6/c) and FOXO3 (data not shown) reduced the percentage
of apoptotic DCs, indicating that this factor plays proapoptotic
roles in maDCs and that its inhibition upon stimulating the
maDCs with CXCL12 may contribute to the survival of maDCs
(Fig. 6lc). In summary, the results indicate that FOXO selec-
tively controls CXCL12-dependent survival, but not che-
motaxis in maDCs (see Fig. 7).

DISCUSSION

It is emerging that chemokine receptors can regulate a vari-
ety of functions in addition to chemotaxis. Although there is
much information on how chemokine receptors control che-
motaxis and, somewhat less, other functions, surprisingly, there
is almost no information on the mechanism whereby chemo-
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kine receptors can regulate several functions simultaneously. In
the specific case of leukocytes, gaining information on this issue
is important to develop strategies that allow the modulation of
the functions of chemokines and, eventually, the immune
response.

As during the immune response maDCs migrate through
afferent lymphatic vessels and inside the LNs (6-8) and
CXCL12 is expressed in these regions, this chemokine may
potentially control the function/s of these cells in the immune
system. Before carrying out a study on how CXCL12 may reg-
ulate several functions, we confirmed that CXCL12 regulates
both chemotaxis and survival in human maDCs and murine
splenic DCs. We found, in line with a recent report (21), that
CXCRY7 is not expressed in human maDCs, suggesting that in
the maDCs that we employ, CXCL12 uses CXCR4 to relays
intracellular signals that lead to the regulation of chemotaxis
and survival. However, our results largely apply when human
DCs are matured with TNFe, and we cannot rule out that
CXCR?7 could be expressed when the DCs are exposed to other
maturation or inflammation signals. Under our conditions,
CXCL12 failed to regulate migratory speed, adhesion, fugetaxis,
endocytosis, or the maturation of the human DCs. In contrast
to our results, other group have shown that interference with
CXCR4 using a selective inhibitor blocked the maturation of
murine DCs (11, 12), although the discrepancy with our results
could be due to the different species of DCs used.

Using splenic DCs we show that CXCR4 also controls the
survival and the chemotaxis of the maDCs that migrate in
vivo to the LNs. Although previously it was observed that
interfering with CXCR4 reduced the number of maDCs that
migrate to the LNs (5, 6), so far it has not been assessed how
the prosurvival effects of CXCL12 could contribute to the
increase in the number of DCs that reach the nodes. Our
results indicate that of the observed 70 = 8% (n = 3) reduc-
tion in the percentage of CMFDA-DCs that reach the PLNs
when CXCR4 is inhibited, approximately 35%+15% of this

percentage could be due to the blocking of the prosurvival
effects of CXCR4. The remaining ~35% inhibition could be
explained by interference with other CXCR4-regulated
functions, most likely chemoattraction, of the CMFDA-
maDCs that migrate toward the PLNs.

To get insight on the mechanisms whereby chemokine
receptors, and specifically CXCR4, simultaneously regulate
chemotaxis and survival, we first analyzed the signaling mole-
cules controlled by CXCL12 in maDCs. Then, using selective
pharmacological agents and siRNA, when this was possible, we
studied their role in the regulation of chemotaxis and survival.
To reduce the possibility of off-target effects, we have used pref-
erentially inhibitors previously shown to be highly selective in
studies with panels of dozens of kinases (52, 53). Using the
aforementioned approaches, we observed that a core of signal-
ing molecules, which were hierarchically organized, including
G, GBy, and PI3K-a, -vy, -6 isoforms, Akt, mTORC1, and
ERK1/2, were all controlling CXCL12-mediated survival and
chemotaxis to different extents in human maDCs (see Fig. 7).
Treatment of the maDCs during the time that the chemotaxis
assays are in the Transwells with the PI3K-« inhibitor PIK-75,
which blocks the prosurvival effects of CXCL12, did not
increase the percentage of apoptotic maDCs (supplemental Fig.
4A). Furthermore, when the chemotactic Transwell assays per-
formed with maDCs treated with PIK-75 were carried out in the
presence of the polycaspase inhibitor z-VAD-FMK, an agent
that blocks apoptotic caspases and, consequently, the apoptosis
of maDCs, it was observed that the chemotactic response of the
maDCs to the chemokine was not altered (supplemental Fig.
4B). These experiments indicate that the effects that the inhib-
itors exert on chemotaxis were not caused by an earlier induc-
tion of apoptosis that could impair the chemotactic response of
the maDCs to CXCL12.

These experiments also indicate that the effect of the inhibi-
tion of different molecules takes longer to be evidenced on the
prosurvival effects induced by CXCL12 than on the chemotaxis

FIGURE 5. ERK1/2 regulate CXCL12-mediated chemotaxis and survival downstream of G, G+, PI3K-«, -7, -6 isoforms, but not of PI3Kf3, Akt, and
mTORC1 in human maDCs. A, DCs were stimulated for the indicated times with CXCL12 as in Fig. 34, and aliquots were taken to analyze the level of
phosphorylated/active ERK1/2 (p-ERK1/2) by Western blotting. B-Actin levels show equal loading of the gels. A representative experiment of three performed
is shown. A and Fig. 3A correspond to the same experiment, and thus similar B-actin control is used. Ba, DCs suspended in 0.1% BSA in RPMI 1640 medium were
left untreated (Control) or pretreated with the ERK1/2 inhibitors UO126 (UO) or PD0325901 (PD), both at 5 um, for 1 h. Subsequently, DCs were stimulated or not
with CXCL12. After 3 min of stimulation with CXCL12, aliquots were taken to analyze the level of phosphorylated/active ERK1/2 or a-tubulin (a-TUB). A
representative experiment of four performed is shown. b, DCs untreated or pretreated with UO126 or with PD0325901, as in a, were allowed to migrate toward
CXCL12. Migration was analyzed in Transwell setting as in Fig. 4Aa. Results represent the mean = S.E. (error bars; n = 6). **, p < 0.001. ¢, DCs were suspended
in 0.1% BSA in RPMI 1640 medium plus CXCL12 and then kept untreated or treated with UO126 or PD0325901, both at 5 um, for 40 h. Apoptotic DCs were
determined as in Fig. 4Ab. Results represent the mean = S.E. (n = 8).**, p < 0.001. Ca, DCs were left untreated or pretreated with PTX and, subsequently, were
stimulated or not with CXCL12 for 3 min (as in Fig. 3B). Aliquots were taken to analyze the level of phosphorylated/active ERK1/2 and a-tubulin. Arepresentative
experiment of four performed is shown. b upper, DCs were transfected either with vector or with a-transducin (a,.nsq)- 18 h after transfection, a similar number
of live vector- and a-transducin-transfected DCs were taken and then stimulated for the indicated times with CXCL12. The levels of phosphorylated/active
ERK1/2 were analyzed by Western blotting. Lower, expression of a-transducin was analyzed by Western blotting. a-Tubulin levels show equal loading of the
gels. A representative experiment of four performed is shown. D, DCs were suspended in 0.1% BSA/RPMI 1640 medium and then kept untreated or pretreated
with PI3K-a, PI3K-f3, PI3K-v, or PI3K-8 inhibitors for 1 h as in Fig. 3C. Subsequently, DCs were stimulated or not with CXCL12 for 3 min. Subsequently, aliquots
were taken to analyze the level of phosphorylated/active ERK1/2 (p-ERK1/2). a-Tubulin levels show equal loading of the gels. D and 3C correspond to the same
experiment, and thus a similar B-actin control is used. A representative experiment of six performed is shown. E, DCs were suspended in 0.1% BSA/RPMI 1640
medium and then kept untreated or pretreated with Akt inhibitor for 1 h as in Fig. 3G. Subsequently, DCs were stimulated or not with CXCL12. After 3 min of
stimulation with the chemokine, aliquots were taken to analyze the level of phosphorylated/active Akt (p-Akt), phosphorylated/active ERK1/2 and a-tubulin.
A representative experiment of four performed is shown. F, DCs were left untreated or pretreated with a specific mTORC1 inhibitor (rapamycin, 100 nm) for 1 h.
Subsequently, the DCs were stimulated or not with CXCL12. After 3 min of stimulation with the chemokine, aliquots were taken to analyze the level of
phosphorylated/active ERK1/2, phosphorylated 4E-BP1, and a-tubulin. A representative experiment of four performed is shown. G, DCs were left untreated or
pretreated with a specific ERK1/2 inhibitor (UO126, 5 um) for 60 min. Subsequently, DCs were stimulated or not with CXCL12. After 3 min of stimulation with
CXCL12, aliquots were taken to analyze the level of phosphorylated TSC2, phosphorylated/active Akt, phosphorylated/active ERK1/2, phosphorylated 4E-BP1,
phosphorylated S6K, phosphorylated mTOR. a-Tubulin and 4E-BP1 levels show equal loading of the gels. A representative experiment of eight performed is
shown.
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induced by this chemokine. These results indicate a different cell, and CXCL12-regulated survival in the maDCs. The
dynamics in the mechanisms controlling CXCL12-dependent delayed effects of the inhibitors on survival may be also related
chemotaxis, which have to take place very rapidly in migrating to the increased resistance of the maDCs to apoptosis due to the
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FIGURE 7. Model indicating the signaling mechanism used by CXCL12 to
regulate simultaneously chemotaxis and survival in maDCs. CXCL12 uses
CXCR4, G;, GBYy, PI3K-a,-vy,-6, Akt, mTORC1, and ERK1/2 to regulate che-
motaxis and apoptosis simultaneously in maDCs. FOXO1/3 regulates, using
Bim, apoptosis, but not chemotaxis. This model does not rule out additional
unidentified downstream targets of the indicated signaling molecules.

enhancement in the expression of variety of antiapoptotic mol-
ecules, including prosurvival Bcl-2 family members and serine
protease inhibitors, that takes place during the maturation of
the DCs (1, 57).

Regarding PI3Ks, although it has been indicated that PI3K-vy
selectively regulates the signaling from G protein-coupled
receptors (31, 32), including chemokine receptors, we observed
that PI3K-« and -d also regulated the signaling and functions of
CXCR4 in maDCs. These results are in line with recent reports
that indicate G protein-coupled receptors and tyrosine kinase
receptors are less selective than previously thought regarding
the type of PI3K that they can regulate (58). The activity of
PI3K-B was not required to regulate CXCL12-mediated func-

tions or signaling. Of all the molecules tested, only FOXO1/3,
which is downstream of Akt, regulated survival, but not che-
motaxis, indicating that although most components in the sig-
naling pathway studied are bifunctional, there are signaling
molecules, under the control of the components of the main
pathway, that control CXCR4 functions more selectively. As
most of the signaling molecules identified converge on
mTORCI (see Fig. 7), it is possible that some of the observed
effects could be partially mediated by this complex; however, it
is most likely that the individual signaling molecules involved
may regulate chemotaxis and survival through additional
unidentified downstream effectors. In this regard, most inter-
estingly, the inhibition of the different signaling molecules
studied did not affect CXCL12-dependent chemotaxis and sur-
vival at a similar extent (see for instance Fig. 4, B and C), con-
sistent with the possibility that each of these molecules may use
a different number of downstream effectors to control
CXCL12-dependent chemotaxis and survival.

Apart from the use of selective inhibitors (52, 53), two types
of experimental evidences support the notion that we have
identified a bona fide pathway under the control of CXCR4.
First is the fact that, the inhibitors affects differently che-
motaxis and survival argues against the possibility that the
inhibitors may affect unspecifically all of the signaling compo-
nents and functions studied. Second, the use of similar inhibi-
torsin a prior study on CCR7-dependent function and signaling
in maDCs yields a different signaling pathway. In this regard,
CCR?7 controls chemotaxis and survival in maDCs using inde-
pendent modules (1, 26, 27). Furthermore, similar signaling
molecules seem to play a different regulatory role downstream
of CXCR4 and CCR?7. For instance, in maDCs inhibition of
specific PI3K isoforms failed to block chemotaxis controlled by
CCRY7 (27, 59).

FIGURE 6. FOXO regulates CXCL12-mediated survival, but not chemotaxis, downstream of G;, G, PI3K-¢, -v, -6 isoforms, and Akt in human maDCs.
A, DCsin RPMI were stimulated for the indicated times with CXCL12. Subsequently aliquots were taken to analyze the level of phosphorylated FOXO1 (p-FOXO1
(T24), p-FOXO1 (S256)), FOXO1, and B-actin by Western blotting. A representative experiment of three performed is shown. B, DCs were nucleofected with
either pEGFP-C1 vector (Vector-GFP) or with pEGFP-FOXO1 (FOXO1-GFP). A similar number of live nucleofected DCs were washed with RPMI 1640 medium and
then either left unstimulated (Control) or stimulated for 1 h with CXCL12. The cells were then plated onto polylysine and the nucleus stained with Hoechst
33342. Left, the figure shows Nomarski optics and GFP protein staining analyzed using the FITC fluorescence channel. A representative experiment of three
performed is shown. Right, the bar diagrams present the percentage of DCs, unstimulated (—) or stimulated with CXCL12 (+), that present cytoplasmic
vector-GFP (upper) and FOXO1-GFP (lower) after the transfection with these constructions. Results shown represent the mean =+ S.E. (error bars;n = 3).*,p <
0.001. Ca, DCs were left untreated or pretreated with PTX as in Fig. 3Ba and then stimulated or not with CXCL12. After 10 min of stimulation, aliquots were taken
to analyze the level of phosphorylated FOXO1 (p-FOXO1(5256)) and a-tubulin (a-TUB). A representative experiment of three performed is shown. b, DCs were
transfected either with vector or with BArk-CT. 18 h after transfection, aliquots of vector and -Ark-CT transfected DCs were taken and then stimulated for the
indicated times with CXCL12. The levels of phosphorylated FOXO1 were analyzed by Western blotting. a-Tubulin levels show equal loading of the gels. A
representative experiment of four performed is shown. D, experiments were performed as indicated in the legend of Fig. 3C. After 3 min of stimulation, aliquots
were taken to analyze the level of phosphorylated FOXO1 were analyzed by Western blotting. a-Tubulin levels show equal loading of the gels. D and Fig. 3C
correspond to the same experiment, and thus similar B-actin control is used. £, DCs were left untreated or pretreated with a specific Akt inhibitor as in Fig. 3G.
Subsequently, DCs were stimulated or not with CXCL12. After 10 min of stimulation with CXCL12, aliquots were taken to analyze the level of phosphorylated/
active Akt, phosphorylated FOXO1, Bim, and a-tubulin. A representative experiment of three performed is shown. F, DCs in RPMI 1640 medium were either left
unstimulated or were stimulated for the indicated times with CXCL12. Aliquots were taken to analyze the level of Bim and a-tubulin. Results are representative
of three experiments performed. G, DCs were left untreated or pretreated with a specific mTORC1 inhibitor as in Fig. 5F. Subsequently, DCs were left
unstimulated (—) or stimulated (+) with CXCL12 for 10 min. Aliquots were taken to analyze the level of Bim, phosphorylated 4E-BP1, and a-tubulin. Results are
representative of four experiments performed. H, DCs were suspended in RPMI 1640 medium and then kept untreated or pretreated with UO125 (UO) or
PD0325901 (PD) as in Fig. 5Ba. Subsequently, DCs were left unstimulated (—) or stimulated (+) with CXCL12 for 10 min. Aliquots were taken to analyze the level
of Bim, phosphorylated/active ERK1/2, and a-tubulin. A representative experiment of four performed is shown. la, DCs were nucleofected with siRNA control
or with siRNA for FOXO1. After 36 h, a similar number of live DCs was taken to analyze the level of FOXO1 and a-tubulin by Western blotting. b, a similar number
of live DCs with normal (siRNA control) or reduced levels of FOXO (siRNA FOXO1) was dissolved in RPMI 1640 medium and then allowed to migrate toward
CXCL12. The values represent the migration of siRNA FOXO1-nucleofected DCs with respect to the migration of siRNA control-nucleofected DCs that were
given an arbitrary number of 100 (control). Results represent the mean = S.E. (n = 3). ns denotes no significant differences. ¢, DCs with normal (siRNA control)
or with reduced levels of FOXO1 were maintained in RPMI 1640 medium for 24 h, and subsequently, the DCs were stained with Hoechst 33342 to identify
apoptotic DCs. The number represents percentage of apoptotic siRNA FOXO1-transfected DCs with respect to the percentage of apoptotic siRNA control DCs,
which was given an arbitrary value of 100. Results represent the mean = S.E. (n = 4). *, p < 0.05.
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Although further studies are required to gain more informa-
tion on the whole gamut of functions regulated by CXCR4 in
maDCs, this receptor is apparently less multifunctional than
CCR7, which controls endocytosis, differentiation, cytoarchi-
tecture, migratory speed, and survival (1). The effects elicited by
CXCL12in maDCs likely complement the effects of CCL21 and
CCL109, the ligands of CCR7, which can also control chemotaxis
and survival in maDCs (26, 27, 29). In summary, the results
obtained, apart from uncovering an unappreciated signaling
mechanism used by CXCR4 to control its functions, may sug-
gest strategies for a more precise modulation of these functions
and the immune response.
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